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Research on organic semiconductors with vr-conjugated 
systems has advanced tremendously for the past two decades 
because these materials have great potential for the develop- 
ment of novel electronic and photonic devices. Among them, 
small molecules with finite, well defined vr-conjugated sys- 
tems, such as pentacene, rubrene, perylene or phthalocyanine 
and their derivatives exhibit very large charge carrier mobili- 



ties, 



rTT2T3l 



and represent a cost-effective alternative for certain 



traditional silicon-based semiconductor applications such as 
FETs and photovoltaic devices. ^ ^ ^ 

While it is clear that the electronic properties of such films 
are highly tunable by chemical methods that simply mod- 
ify their molecular building blocks or by physical methods 
through different fabrication techniques (CVD, spin coating, 
zone cast, MBE), ^ there is a critical need for a deeper, fun- 
damental understanding of the influence of long range order- 
ing on collective phenomena such as exciton diffusion and re- 
combination or carrier transport. X-ray, electron microscopy 
and other structural characterization techniques that provide 
feedback on the molecular packing and crystalline symmetry 
cannot selectively probe correlations between itinerant elec- 
trons. 

Optical spectroscopy techniques such as photolumines- 
cence, differential absorption and circular or linear dichroism, 
are powerful investigation methods for collective excitations 
in solids. However, in organic films they are severely limited 
by the large degree of disorder present on the length scale of 
optical microscopy techniques('^ 1 /xm). In many cases the 
large concentration of defects eflFectively quenches the lumi- 
nescence. In the case of small molecule polycrystalline films 
it is very difficult to study correlations between long range 
order and excitons because the typical grain sizes are only in 
the tens to hundreds of nanometers range and the recorded 
optical response contains contributions from many randomly 
oriented grains. Recently developed novel solution-based de- 
position methods ^^^ that produce poly-crystalline films with 
grain sizes as large as a few hundred microns, offer the op- 
portunity for the first time, to employ the wealth of pow- 
erful optical microscopy techniques in order to gain insight 
into the fundamental links between the electronic states, long 
range order and the role of grain boundaries in crystalline 
thin films of organic semiconductors. 

In this paper we report on a photoluminescence 
(PL) /linear dicroism (LD) polarization-microscopy study of 
excitonic states in individual crystalline grains of metal-free 
phthalocyanine (H2PC) films fabricated with a novel hollow 



capillary pen-writing deposition technique. Our experiments 
simultaneously probe the symmetry of optically- allowed elec- 
tronic states and the excitonic nature of radiative recombina- 
tion in individual grains with a spatial resolution of approx. 
5 /xm, revealing the presence of an optically- forbidden state 
associated with the long range ordering. Furthermore, the 
PL from individual grain boundaries shows the existence of 
a monomer-like transition exclusively localized at the bound- 
ary between grains with a specific relative orientation of the 
crystalline axes. 
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Figure 1: (a) H^Pc-OCs molecular structure (b) Orthorhombic 
unit cell with a = 23.1 A measured by X-ray diffraction (c) 
Schematics of the LD experiment employed to study the edge- on 
homogeneous ordering of H2PC-OC8 pen-written films (d) Typical 
absorption (ad) and linear dichroism (LD) spectra from a crys- 
talline film with the pen-writing technique (a reference spectrum 
of the same molecule in solution is shown for comparison) . Inset: 
the HOMO-LUMO gap energy diagram of a single molecule. 

Figure 1(a) shows the generic molecular struc- 
ture of 2,3,9, 10, 16, 17,23, 24-Octakis(octyloxy)-29H,31H- 
phthalocyanine (H2PC-OC8), a commercially available Pc 
derivative soluble in common volatile solvents, our molecule 
of choice for the present study. Its absorbance spectrum 
measured in chloroform exhibits a splitting'^ of the peak 
associated with the HOMO-LUMO bandgap (Q-band) tran- 
sition, (as shown in the energy diagram in Figure 1(d)). ^^ 
The optical dipoles associated with these transitions lie 
along mutually perpendicular directions in the plane of 



the molecule ^^^^^^^^ and photons absorbed or emitted 
are polarized in the molecular plane. The difference in 
absorbance(ad) for light polarized parallel and perpendicular 
to the molecular plane is referred to as linear dichroism 
(LD). '^^ In solution or amorphous films there is no prefer- 
ential orientation of the molecular plane, therefore no linear 
dichroism is observed for such films. It is expected however, 
that in a single crystal, the long range molecular order 
preserves the polarization of transition dipoles, hence the 
linear dichroism can be observed on a macroscopic scale. ^ 
The samples used in this study are thin films of H2PC-OC8 
deposited at different writing speeds from solutions of various 
concentrations using the capillary technique described by 
Headrick et al. '^ Out-of-plane X-ray diffraction shows that 
our films crystallize in the orthorhombic phase with the 
molecules stacked along the crystalline c - axis. That means 
an experimental geometry such as the one sketched in Figure 
1 (b) , where the k -vector of the incident light is perpendicu- 
lar to the c-axis, should render a significant amount of linear 
dichroism {LD oc {Ax — Ay) /A), provided the orientation of 
the molecular stacking is the same on the length scale of the 
beam spot. This is indeed the case of the pen- written thin 
films of H2Pc-OC8. Typical absorbance and LD spectra from 
a 0.1% film (Figure 1 (c)) show a lar ge spect ral broadening 
as a res ult of m olecular interactions, li^MliU and excitonic 
coupling. JQ | ^^ I ^Q | The LD spectrum is of a similar shape to 
the absorption and the large LD signal (about 30% of that 
of a commercial polarizer) observed for the HOMO-LUMO 
gap spectral region, implies the majority of the transition 
dipoles are linearly polarized and oriented perpendicular to 
the pen-writing direction. 

Assuming molecular selection rules are preserved in the 
solid film, the large positive LD suggests the presence of long 
range order, where most molecules stack face-to-face, "edge- 
on" , along the pen- writing direction (i.e. c-axis is parallel to 
the substrate) as illustrated in Figure 1(b). It is important 
to emphasize again that, unlike electron microscopy or X-ray 
diffraction, which offer direct structural information but can- 
not probe extended excitonic states in crystals, optical spec- 
troscopy techniques such as LD or PL microscopy selectively 
probe the electronic/excitonic band states symmetry and the 
optical transitions dipoles orientation at the HOMO-LUMO 
gap. 

Standard linear dichroism and specular X-ray diffraction 
do not distinguish any significant differences between sam- 
ples fabricated with different concentrations or writing speeds. 
Cross-polarized optical microscope images (Figures 2(a),(b)) 
of our samples reveal that grain sizes and orientations are in 
fact vastly different as a function of sample concentration. 
For example, the more dilute sample A (fabricated from a 
solution of 0.1% at a pen- writing speed of 2 mm/s) exhibits 
a stripe-like geometry where all molecules within any indi- 
vidual stripe are oriented in the same direction, with some 
difference in orientation between two adjacent stripes, which 
accounts for the image contrast. For larger concentrations, 
the microscope image of sample B (deposited from a 1% solu- 
tion at 0.02 mm/s pen- writing speed) reveals more randomly 
oriented grains with "fan-like" structures that are expected 
in a concentrated solution with many nucleation centers. All 



films have grain sizes ranging from 10 to 100 //m, enabling us 
to spatially resolve the properties of electronic states in the 
vicinity of the HOMO-LUMO gap within a single grain and 
probe single grain boundaries using laser microscopy tech- 
niques. 

The influence of molecular ordering on excitonic states, ra- 
diative recombination, and recombination at the grain bound- 
aries is probed when spatially-resolved photoluminescence 
and linear dichroism are simultaneously recorded from a se- 
lected area using a focused narrowband laser probe beam. To 
this end, we combined LD and PL scanning microscopy to 
unambiguously establish a particular grain orientation while 
selectively probing the HOMO-LUMO luminescence of the 
same grain. A description of the experimental setup is avail- 
able in the supplemental information section. 

Figures 2(c) and (d) reproduce LD 2D scans of 90 x 90 
/im areas marked with white squares in the microscopy images 
(a) and (b). The pen- writing direction for each sample is 
also indicated in the microscope image. Sample A exhibits 
parallel stripes of approx. lO/xm in width orthogonal to the 
pen-writing direction. The LD values are positive across the 
scanned area with a 25% difference between adjacent stripes. 
Since the LD is proportional to cos {2(p), ^° where cp is the 
angle that defines the c-axis orientation with respect to the 
polarizer axis (see Figure 1), the LD contrast observed in 
sample A corresponds to a relative angle Acp^ 5° between 
c-axes from adjacent stripes. 

In striking contrast. Sample B exhibits a distinctly differ- 
ent, "fan-like" structure with well-defined grain boundaries 
in polarization-mode microscopy images. The LD scan across 
an area traversed by a single grain boundary, revealed a very 
large contrast between the adjacent grains corresponding to a 
relative angle A(/? ^ 45^ between the c-axes of the two grains. 
A preliminary LD imaging survey we conducted on films with 
concentrations between 0.1% and 1% indicated there is a di- 
rect relationship between the relative orientation of the c-axes 
at the grain boundaries and film concentration and deposition 
speed. A film of intermediate concentration (0.5%) deposited 
with the same writing speed (0.02 mm/s)-Sample C- has par- 
allel grains with large positive LD separated by areas that 
exhibit very small LD. (shown in the Supplemental Informa- 
tion) While a systematic LD study of grain boundaries in sol- 
uble Pc derivatives films is currently underway, we employed 
our LD microscopy tool to correlate the molecular ordering 
with the electronic structure and the orientation of the exci- 
ton transition dipoles. 

All our films exhibit strong room temperature photolu- 
minescence, resonant to the absorption edge, in contrast to 
previous reports of luminescence in Pc films. ^^ ^^ Since ra- 
diative transitions originate from the lowest vibrational state 
of an electronic excited state, ^^ the absence of a large Stokes 
shift implies only a few vibrational states of the first excited 
electronic manifold are available for absorption. Moreover, 
the large intensity of luminescence is an indication that non- 
radiative recombination (internal conversion or trap states) is 
significantly reduced in our crystalline film. This is a conse- 
quence of the long range ordering present in our films, i.e. the 
size of crystalline grains is significantly larger than the typi- 
cal exciton diffusion lengths, ^^ such that excitons generated 
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Figure 2: (a), (b) Polarization mode micrographs of sam^ples A and B. The orientation of pen-writing direction with respect to the 
polarizer and analyzer (X- Y) axes is marked with a white arrow (c), (d) High resolution LD microscopy images of 90 x 90 jim areas 
identified with a white square in the micrographs and (e) polarization and spatial resolved photoluminescence spectra of sample B for 
three distinct locations identified through their (X, Y) coordinates. The LD contrast indicates the different orientation of the c-axis 
in adjacent grains. Depending upon the growth conditions the grains self assemble in stripe-like films with low angle (^ 5°) grain 
boundaries (sample A,(a),(c)) or fan-like films with high angle (45°) grain boundaries (sample B,(b),(d)). An additional monomer-like 
feature is present at the high-angle grain boundary. Similar spectra are recorded from Sample A, but no monomer-like feature is observed 
at the low- angle grain boundaries. 



inside a grain recombine before reaching the grain boundary 
or a defect state. 

Figure 2 highUghts the most interesting results of the 
luminescence microscopy experiments. Firstly, the lumines- 
cence is linearly polarized in the plane of the molecules, in- 
dicating the room temperature emission is indeed associated 
with the recombination of the singlet exciton ground state. 
The TT-orbital overlap between adjacent molecules preserves 
the monomer selection rules for the ground state transition 
dipole. In Figure 2 micro-PL recorded at coordinates (X,Y) 
= (35,08) and (84,15) indicates the luminescence polariza- 
tion is correlated to the columnar orientation, changing sign 
and magnitude in tandem with the linear dichroism. In addi- 
tion to the expected singlet recombination feature, the emis- 
sion spectrum recorded from the grain boundary ( for example 
(X,Y) = (25,68)), exhibits an additional strong sharp feature 
centered at 700nm. This monomer-like emission is exclusively 
present at the high angle grain boundaries where there is little 
overlap of vr-orbitals between molecules from adjacent grains. 

Following this observation we conducted a systematic 
PL/LD study of grain boundaries (to be reported in a follow- 
up paper) and concluded the feature is entirely absent in films 
with small angle grain boundaries such as samples A or C. 
The sharp PL feature is a signature of a localized state that 
acts as an energy barrier for exciton diffusion through the 



grain boundary. It is noteworthy that electrical transport 
measurements in a similar small molecule system, crystalline 
pentacene, deposited through the same pen-writing proce- 
dure ^ indicated there is a significant reduction in mobility in 
the presence of large angle grain boundaries. PL microscopy 
measurements such as the ones we report in Figure 2 give, for 
the first time, direct quantitative information about the local 
electronic structure at the grain boundary. 

In order to further understand the influence of packing 
and crystalline order on the electronic states in H2PC thin 
films, we recorded the evolution of the HOMO-LUMO gap 
PL spectra and the luminescence decay times as a function of 
temperature. The sample was mounted in an optical cryostat 
where the temperature was continuously varied from 4K to 
300K. For radiative lifetimes longer than 7 ns we employed 
a narrowband 405 nm Coherent CUBE diode laser electroni- 
cally triggered to output 7 ns pulses at a repetition rate of 8 
MHz. For short PL decay times the excitation was provided 
by the 400 nm, 2 ps narrowband frequency doubled pulses 
of a Ti-Sapphire laser with a repetition rate of 76 MHz. We 
summarize our findings in Figure 3. At cryogenic tempera- 
tures (5K) the spectrum is easily fitted with three Gaussians, 
labeled (1) through (3). Feature (1), associated with the sin- 
glet exciton emission is entirely independent of temperature. 
Its energy (1.56 eV), intensity, and linear polarization (40%) 
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Figure 3: (a) Temperature evolution of the PL spectrum from, 
sample A. (h) Temiperature dependence of the energy correspond- 
ing to X- and Y-polarized components of the dominant PL feature, 
(c) Evolution of the linear polarization with temperature for the 
same feature (d) Temporal decay of the PL features recorded at 
various temperatures. 



remain constant through the entire temperature range. This 
result is expected since exciton binding energies in organic 
semiconductors are in the hundreds of meV range, exceeding 
/csT values at room temperature, and confirms that vibronic 
states are not involved in this transition. ^^ In contrast, fea- 
ture (2), which dominates the spectrum at 5K, exhibits a 
blue shift in energy and a dramatic drop in intensity with in- 
creasing temperature. Moreover, the intensities of the X- and 
Y-polarized components evolve differently such that the net 
polarization, defined as P = {Ix — Iy)/{Ix + Iy) increases 
from approx. 20% at low temperatures to 40% at 300K. Fig- 
ures 3(b) and(c) show the energy and polarization of this fea- 
ture as a function of temperature, extracted from fittings of 
the X- and Y- polarized components of the PL spectra. There 
is no significant change for either the energy or polarization 
until the temperature reaches lOOK. After that, both energy 
and polarization gradually increase with temperature while 
the feature gradually loses intensity in favor of the singlet 
exciton emission. 

In order to investigate the origins of the low temperature 
luminescence, we measured the PL lifetimes at wavelengths 
corresponding to the peaks of the singlet exciton (768nm) 
and feature (2) (815nm). At 5K, the decay at 815nm is multi- 
exponential with the longest decay time of approx. 10 ns, twice 
as long as the measured singlet exciton radiative recombina- 
tion lifetime at the same temperature (Figure 3(d)). The sig- 
nificantly longer lifetime, the reduction in linear polarization 
and the redshift with respect to the absorption edge indicate 
feature (2) is associated with an optically forbidden transi- 



tion that becomes partially allowed at low temperatures. The 
magnitude of the redshift is only 70 meV, an order of mag- 
nitude lower than the typical singlet-triplet energy difference 
in the Pc molecule. Thus feature (2) cannot simply be asso- 
ciated with the triplet exciton recombination. ^^ The lower 
polarization and longer lifetime observed at low temperatures 
suggest the feature is associated with the recombination of 
an intermolecular charge transfer exciton in this quasi one di- 
mensional molecular system. ^^ Since longer exciton lifetimes 
may lead to longer exciton diffusion lengths, the presence of 
an extended exciton state is important for many applications 
such as photovoltaics and merits further exploration. It is 
possible that a phase transition at lOOK is responsible for 
the change in selection rules that enables us to observe the 
long-lived exciton. Further studies such as low temperature 
X-ray and LD microscopy measurements are needed in order 
to investigate the existence and nature of a structural phase 
transition. 

In conclusion, we presented results of linear dichroism 
imaging and spatial- and polarization-resolved photolumines- 
cence of solution processed pen-writing metal-free phthalo- 
cyanine thin films, that enable us to correlate electronic prop- 
erties with molecular ordering. The lowest excitonic sin- 
glet transition is linearly polarized, preserving the orienta- 
tion of the transition dipole and selection rules of individual 
molecules. The low temperature luminescence spectrum is 
dominated by a charge transfer exciton recombination which 
becomes forbidden at room temperature. We hypothesize 
that a phase transition at 100 K is most likely responsible for 
the observation of the long lived exciton. Most importantly, 
we have shown how solution processed films with macroscopic 
grain sizes open an avenue for the exploration of electronic 
correlations that span several lattice sites in crystalline small 
molecule semiconductors. Our first LD/PL microscopy stud- 
ies of small molecules often employed in optics and photo- 
voltaic applications revealed an energy barrier for exciton dif- 
fusion at the large angle grain boundaries. 
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Figure 4: (a) 2D X-ray scattering map of the (100), (200), (300) 
orthorhombic planes reflections in sample A at 20 = S° , 6^ , and 
9° (b) The 20 = 3° diffraction pattern reveals disorder is present 
in the sample, (c) 20 XRD scan from sample A. 

Materials and Fabrication: The dye molecules 
of 2,3,9,10, 16, 17,23,24-Octakis(octyloxy)-29H,31H- 

phthalocyanine (H2PC-OC8) were purchased from Sigma 
Aldrich. The materials were purified by column chromatog- 
raphy and dissolved in chloroform before fabrication. The 
thin films were deposited on quartz substrates using a 
direct write method that employs a hollow borosilicate glass 
capillary pen. Solutions with concentration of 0.1-1 wt % in 
chloroform is held in the pen by capillary forces. (Headrick 
et al APL 2008) Film deposition is accomplished by allowing 
droplets of solution at the end of the pen to make contact 
with the substrate and then laterally translating the pen at 
a controlled rate ranging between 0.02 and 2 mm/s. The 
deposition, conducted at room temperature, produces highly 
ordered films with uniform thicknesses ranging between 300 
nm and 1 /xm depending upon the deposition parameters. 

Linear Dichroism and Photoluminescence: The ab- 
sorption and linear dichroism spectra were measured at room 
temperature in the range of 400 nm to 1100 nm using a quasi 
monochromatic (Inm bandwidth) tunable incoherent tung- 
sten halogen monochromator light source. A CW focused 
HeNe laser was employed as probe beam for linear dichroism 
(LD) microscopy measurements. The same laser served as 
quasi-resonant excitation pump for spatially-resolved photo- 
luminescence (PL) measurements at room temperature. To 
record LD images of individual crystalline grains we adapted 
a polarization-resolved microscopy technique formerly em- 
ployed to image spin drift and diffusion in GaAs.(Crooker, 
Furis et al. Science 2006) Briefly, a piezoelastic modulator 
(PEM) was placed in the beam path to modulate the light 
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Figure 5: (a) Polarization mode micrograph of sam,ple C. The 
orientation of pen-writing direction with respect to the polarizer 
and analyzer (X-Y) axes is marked with a white arrow (h) High 
resolution LD microscopy image of a 90 x 90 jim area identified 
with a white square in the micrograph. The LD contrast indicates 
the different orientation of the c-axis in adjacent grains. 



cell is schematically represented in Figure 1(b), and confirms 
the in-plane orientation of the c - axis. The 20 — 3^ region of 
the scattering map is re-plotted in Figure 4(b) on a logarith- 
mic scale in order to highlight the arc-like diffuse scattering, 
which indicates the presence of some disorder in the film. A 
complete 3D structural determination is not yet available for 
HsPc-OCg. 



polarization from X- to Y- polarized at a frequency of 100 
kHz. The laser beam was focused to a 5 /xm spot using a lOx 
objective lens mounted on a positioning stage. The 2D LD 
images were obtained by raster-scanning the focusing lens. A 
typical LD scan from one of the films is shown in Figure 5. 
Spatially-resolved PL was simultaneously collected using the 
same lens in backscattering geometry and spectrally resolved 
with an Acton spectrometer coupled to a Roper Scientific 
liquid nitrogen cooled CCD. Temperature-dependent time- 
resolved PL studies were conducted in a continuous flow Ox- 
ford Instruments optical cryostat where the sample tempera- 
ture was continuously varied from 4K to 300K. In this case the 
excitation beam was the frequency doubled 400nm output of a 
pico-second Ti:sapphire laser with repetition rate of 76 MHz. 
PL decay times were recorded using a time-correlated single 
photon counting (TCSPC) system from Picoquant (IRF 500 
ps). For radiative lifetimes longer than 7 ns we employed a 
narrowband 405nm Coherent CUBE diode laser electronically 
triggered to output 7 ns pulses at a repetition rate of 8 MHz. 
X-ray diffraction: We independently confirmed the 
"edge-on" stacking through out-of-plane X-ray scattering 
studies performed at the NSLS facility of the Brookhaven 
National Laboratory. The 2D scattering map for sample A, 
shown in Figure 4(a) reveals clear peaks at 20 = 3^, 6°, and 
9^, corresponding to the (100), (200) and (300) orthorhombic 
reflections with a lattice parameter a = 23. 7A. This number 
matches the lattice constant of orthorhombic H2PC whose unit 



